Human hepatitis B virus (HBV) (family Hepadnaviridae)
shows such a strong liver pathogenicity that it is estimated that there are over 350 million chronic human carriers of HBV worldwide. HBV infection causes acute and chronic hepatitis, which can further progress to cirrhosis and hepatocellular carcinoma (6, 29) . Although epidemiological evidence strongly supports the importance of chronic HBV infection as a major etiological factor for the development of hepatocellular carcinoma, its molecular mechanism of pathogenesis and carcinogenesis remains to be clearly understood. The human hepatitis B virus X (HBx) protein (154 amino acids) is encoded by the HBV genome and has drawn a great deal of attention for its pleiotropic activities in cells (3, 34) . HBx was initially identified as a viral transcriptional transactivator. HBx does not directly bind DNA but activates a wide range of viral and cellular regulatory elements (37, 41) . HBx in the nucleus can increase the transcriptional activity by interactions with nuclear transcription factors or with the basal transcriptional machinery of host RNA polymerases (9, 27, 28, 32) . It was shown that at low levels of expression, HBx is localized primarily in the nucleus (16) . Besides its nuclear function, HBx in the cytoplasm participates in a wide variety of cellular signal transduction pathways. In fact, HBx was found to be localized predominantly in the cytoplasm of livers in patient infected with HBV and most cultured cells (11, 17, 20) . HBx activates multiple cytoplasmic signaling pathways such as Ras-Raf-mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase, Src kinase, and Wnt/␤-catenin signaling (5, 8, 12, 23, 26) , which can contribute to increases in oncogenic risks for HBV-infected livers. In addition, cytoplasmic HBx can enhance HBV replication by triggering cytosolic calcium release from mitochondria, which in turn activates proline-rich tyrosine kinase 2 (Pyk2) and Src kinase (4, 5) . All these reports along with several other studies support a pivotal role of HBx in liver disease pathogenesis and carcinogenesis.
Using both immunofluorescence microscopy and subcellular fractionation techniques, HBx has been shown to substantially associate with mitochondria (16, 35, 39) . HBx can interact directly with an outer mitochondrial voltage-dependent anion channel, VDAC3 (33) . The mitochondrial association of HBx caused an alteration of mitochondrial membrane potential and increased intracellular reactive oxygen species (ROS) levels (35, 42) . Depending on the severity of mitochondrial dysfunction, HBx may either cause apoptotic cell death or subject cells to oxidative stress mediated through the down-regulation of mitochondrial enzymes involved in oxidative phosphorylation (25) or by the activation of NF-B and STAT3 (42) . Thus, the mitochondrion-associated HBx contributes to pathophysiolog-ical changes of liver cells imposing continuous oxidative stress during chronic HBV infection. Intriguingly, the mitochondrial association of HBx often accompanies abnormal mitochondrial aggregation near the nucleus, especially in cells with high levels of HBx expression (16, 35, 39) . It is not known whether abnormal mitochondrial aggregation is linked to the functional alteration of mitochondria, but it was suggested to be a consequence of mitochondrial damage or apoptosis (25, 35, 39) . However, we reasoned that since mitochondria move along the cytoskeleton as a cargo of motor proteins (43) , the observed mitochondrial clustering could instead result from an altered transport system in HBx-expressing cells.
Here, we used Chang and Huh7 cells expressing the HBx gene or the HBV genome to study a possible link between HBx and the regulation of the cellular transport system. We found that the expression of the HBx gene induces a microtubuledependent perinuclear clustering of mitochondria. Furthermore, the functional blockage of dynein and the p38 MAPK in HBx-expressing cells significantly suppressed this mitochondrial movement. This is the first indication that the HBx viral protein possesses an intrinsic property to modulate intracellular motility.
chain (DIC), a component of the dynein complex, was determined. Otherwise, samples were first fixed with a mixture of methanol-acetone and permeabilized with PHEM buffer containing 0.075% Triton X-100. Fixed cells were preincubated in blocking solution (1% bovine serum albumin in PBS) and then incubated with the appropriate primary antibodies (anti-␣-tubulin, anti-␤-actin, or anti-pericentrin) at 4°C. After overnight incubation, the cells were washed, probed with a fluorescence-conjugated secondary antibody in the presence of DAPI, and mounted for microscopy. Fluorescence images were acquired by fluorescence microscopy (Bx60; Olympus Optical) or confocal microscopy (LSM510; Zeiss). Approximately 20 to 40 mitochondria were present in a field observed with a ϫ40 objective.
Analysis of mitochondrial clustering. Mitochondrial clustering was judged by two criteria. When the area occupied by mitochondria in a cell was less than 40%, crescent-shaped or ring-shaped mitochondrial staining was observed (see Fig. 2  and 3) . A manifest mitochondrial aggregation was used as the first criterion, and the analysis was carried out blind by two persons. For the second criterion of amorphous mitochondrial aggregation, the area occupied by mitochondria in a cell was outlined, automatically calculated using LSM5 Image Browser (Zeiss), and compared to the area of a whole cell. For convenience, the nuclear area was always included for the calculation, as shown in Fig. 4A . When the line was drawn, the mitochondria on the tubular network were included, whereas the small and scattered mitochondria in a distance were ignored. Each time, 10 to 20 different cells transfected with appropriate expression vectors along with pEGFP were used in two to four separate experiments. For the signaling inhibitor experiment shown in Fig. 6B , digital images of five different fields of the slide were analyzed by two persons in three separate experiments. When the percentage of mitochondrial area per cell was less than 60%, it was counted as mitochondrion-aggregated cells, whereas when the percentages were higher than 75%, those cells were considered to be cells with nonaggregated mitochondria.
Southern blotting. To analyze HBV DNA synthesis, core particles were isolated from Huh7-HBV cells as previously described (21) . Briefly, cells were lysed and incubated overnight at 37°C with 20 U DNase I and 60 U micrococcal nuclease (Calbiochem). Cytoplasmic core particles were precipitated with 6.5% polyethylene glycol. Core DNA was extracted, separated by agarose gel electrophoresis, and hybridized to a 32 P-labeled random-primed probe specific for the HBV sequence.
Microinjection. ChangX-34 cells were seeded onto coverslips 24 h prior to microinjection and transferred into serum-free DMEM 2 h before microinjection. A neutralizing antibody against dynein intermediate chain and control mouse immunoglobulin G (IgG) were concentrated in a concentrator (Vivascience, Hanover, Germany) at 15,000 ϫ g for 10 min, and 10 mg/ml dynein intermediate chain or 20 mg/ml mouse control IgG was then mixed with 20 mg/ml green fluorescent protein and diluted to a final concentration of 1 mg/ml. The resulting antibody mixtures were microinjected into ϳ300 cells on the stage of an Axiovert 100 apparatus (Zeiss, Germany) equipped with a micromanipulator (model 5171; Eppendorf, Germany) and an automatic micromanipulator (model 5246; Eppendorf). Four hours later, cells were treated with 3.3 M nocodazole, washed, stained with MitoTrackerRed, and examined by confocal microscopy (Zeiss) for subcellular localization of mitochondria. Digital images of 50 to 100 individual mitochondria were obtained and analyzed according to the criteria of mitochondrial clustering.
Transfection. Chang or Huh7 cells were seeded onto coverslips in 60-mm dishes, incubated for 24 h, and then transfected with the appropriate expression vectors (pMyc-HBx, dynamitin, MKK6, or Raf-CA along with pEGFP as a transfection indicator) using PEI (Polysciences, Inc.). Briefly, 4 g of DNA and 8 l of PEI (1 mg/ml) were mixed into 200 l of Opti-MEM (GibcoBRL, Life Technology), incubated for 10 min, and directly added to the culture dishes. After incubation overnight, any remaining extracellular DNA precipitates were removed by several washes with serum-free DMEM, and protein expression was allowed to occur for 12 to 48 h. The subcellular localization of mitochondria was then analyzed by MitoTrackerRed staining and observed by fluorescence or confocal microscopy.
RESULTS
The microtubule network is required for HBx-induced mitochondrial clustering. Mitochondrial aggregation accompanied by mitochondrial dysfunction and/or cell death has been found in cells expressing the HBx protein (25, 35, 39) . However, no previous study has examined the mechanism by which HBx induces mitochondrial aggregation. Mammalian cells can have thousands VOL. 81, 2007 HBx REGULATES SUBCELLULAR TRANSPORT 1715 of mitochondria, which move along the cytoskeleton as a cargo of motor proteins. We hypothesized that mitochondrial clustering induced by HBx could occur by an altered intracellular motility. Here, we attempted to examine this hypothesis by utilizing Chang cell lines expressing the HBx gene (45, 46) . As shown previously by others using Huh7 and HepG2 cells (25, 35, 39) , we observed crescent-shaped mitochondrial aggregations (Fig. 1A) in HBxexpressing cells stained with the mitochondrion-specific fluorescent dye MitoTrackerRed. Virtually 80 to 90% of HBx-expressing cells showed distinct perinuclear mitochondrial clustering. In contrast, the mitochondria in the parental Chang cells and vectortransfected ChangV9 cells showed a typical cytoplasmic spreading pattern. Electron microscopy revealed that the mitochondrial aggregation in ChangX-34 cells was often concentrated around the nuclear periphery (Fig. 1B , middle and right, magnification of the inset), whereas these organelles were homogenously distributed in the cytoplasm of control Chang cells (Fig. 1B, left) . Notably, the nonperiplasmic areas of HBx-expressing cells were almost free of mitochondria (Fig. 1B, middle, asterisks) . Unlike the previous notion that cells with the abnormal aggregation of mitochondria undergo cell death (39), HBx-expressing ChangX-31 and ChangX-34 cells have been maintained for years and did not show any apparent apoptotic characteristics by trypan blue exclusion assays and fluorescence-activated cell sorter analysis (data not shown). Expression of the HBx protein in these cells was confirmed by Western blot analysis (Fig. 1C) . When subcellular localization of the HBx protein in HBx-expressing cells was determined by immunofluorescence staining using rabbit anti-HBx antibody, we found that HBx was localized in both the nucleus and the cytoplasm ( Fig. 2A) . Consistently, apparent perinuclear localization of mitochondria was reproducibly observed. Organelles move along the cytoskeleton using microtubules for long-distance travel and actin for transport over short distances (43) . Microtubules radiate from a microtubule organiz- ing center (MTOC), which comprises a pair of centrioles and the surrounding pericentriolar material and is responsible for directing the polarity and orientation of microtubules during interphase (30) . Previously, it was suggested that perinuclear localization of the HBx protein might be associated with the cytoskeleton (35) . In fact, a close examination of mitochondrial aggregation at the nuclear periphery in HBx-expressing cells revealed an empty spot intensively surrounded by mitochondria (Fig. 2B, middle) . Staining with an antibody against pericentrin, one of the major components of the pericentriolar materials, revealed that the HBx-associated mitochondrial aggregation was concentrated in the vicinity of the MTOC (Fig.  2B ). These findings suggest that mitochondrial clustering could be associated with microtubules.
To examine this hypothesis, we used a microtubule-destabilizing drug (nocodazole) to test whether microtubules play an important role in organelle redistribution following HBx expression. We first determined the nocodazole concentration capable of depolymerizing microtubules under our treatment conditions and found that the treatment of Chang and ChangX-34 cells with 3.3 M of nocodazole for 2 h resulted in a loss of microtubule filaments (fuzzy ␣-tubulin staining) (Fig.  2C , parts b and e). Removal of nocodazole by several washes with serum-containing medium restored microtubule nucleation within 5 min (data not shown). We found that mitochondrial aggregation in HBx-expressing cells was completely abolished when microtubules were depolymerized by nocodazole treatment (Fig. 2C , parts c and e). Surprisingly, the mitochondria in ChangX-34 cells rapidly reaggregated within 60 min of nocodazole release (Fig. 2C , parts c and f), indicating that a strong motor activity is involved in the transport of mitochondria in these cells. Similar data were obtained reproducibly from five independent experiments. The mitochondrial clustering in ChangX-34 cells was very fast, starting in the first 30 min after nocodazole release and finishing within 60 min, reforming the crescent shape of mitochondrion clustering (see Fig. 6B ). In contrast, the mitochondria remained spread within the cytoplasm of control Chang cells before and after nocodazole release (Fig. 2C, parts b and c) . These results clearly demonstrate that mitochondrial clustering occurs in a microtubule-dependent manner.
We also examined whether the actin skeleton is involved in mitochondrial redistribution in HBx-expressing cells. Control cells showed clear ␤-actin staining at the focal adhesions of the plasma membrane (Fig. 2D, parts a and d) , while the addition of an actin polymerization inhibitor (cytochalasin D; 1 M) for 1 h completely abrogated the actin cytoskeleton (Fig. 2D , parts b and e). The mitochondria in ChangX-34 cells remained aggregated (Fig. 2D , part e), even in the presence of cytochalasin D, indicating that the actin skeleton is not functionally involved in HBx-induced mitochondrial clustering. Thus, our results collectively demonstrated that the microtubule cytoskeleton, but not the actin skeleton, is indispensable for HBx-induced mitochondrial clustering. Our results also indicate that a system of active intracellular transport toward the nucleus must be involved in trafficking the mitochondria to the nuclear periphery.
Microtubule-dependent mitochondrial clustering occurs in HBV-replicating Huh7 cells. The abnormal mitochondrial aggregation was previously reported to occur only when high levels of the HBx protein were expressed (16) . We employed HBV-related hepatoma cell lines in which HBx is expressed under the endogenous HBV promoter. SNU368 cells contain the HBV genome integrated into the chromosomes and express the HBx mRNA transcript (24) , whereas Huh7 cells do not. Immunofluorescence staining against the HBx protein in SNU368 cells displayed HBx localized in the nucleus and cytoplasm (Fig. 3A) , whereas no HBx protein was detected in Huh7 cells (Fig. 3A) . Mitochondria in Huh7 cells homogeneously spread out through the cytoplasm, similar to those of Chang cells (Fig. 3A) . On the contrary, the majority of SNU368 cells showed clustered mitochondria near the nucleus (Fig. 3A) .
Next, we generated the Huh7-HBV cell lines by stably transfecting the HBV genome into Huh7 cells. The replication of the HBV genome in Huh7-HBV cells was determined by Southern blot analysis in which replicating HBV DNA was detected as single-stranded, double-stranded linear, and partially double-stranded relaxed circular HBV DNA (Fig. 3B) . The 3.5-kb pregenomic RNA and 2.1-and 2.4-kb mRNA sequences of surface proteins with a fuzzy, smaller mRNA transcript were also detected in Huh7-HBV cells by Northern blot analysis (data not shown). In parental Huh7 cells, mitochondrial staining was scattered throughout the cytoplasm, whereas a dense ring-shaped mitochondrial staining surrounding the nuclear membrane was observed in Huh7-HBV cells (Fig. 3C,  right) . Typically, the area occupied by mitochondria in a cell was 30 to 50% in these cells, indicating that mitochondrial clustering can be induced under the endogenous level of HBx during HBV replication. Using a transient transfection system of the HBV replicon, we were also able to observe the abnormal mitochondrial morphology in a cells expressing HBx, whereas the nontransfected neighboring cell showed normal mitochondrial distribution (Fig. 3D, left and middle) . However, in the transient transfection system, the abnormal mitochondrial morphology was induced only when high concentrations of the HBV replicon were expressed (data not shown), and clustered mitochondria were not as severe as those of cells stably expressing HBx or the HBV genome. In these cells, HBx was found mainly in the nucleus, but a weak cytoplasmic staining was also found (Fig. 3D, left) . The HBx-dependent mitochondrial clustering in the HBV-replicating system was further confirmed in cells transfected with the HBx-negative HBV genome (pHBVX Ϫ ) in which mitochondrial clustering was no longer induced (Fig. 3D, right) . In HBV-Huh7 cells, we again observed scattered mitochondria through the cytoplasm upon nocodazole treatment (Fig. 3E ) where mitochondria were stained with MitoTrackerRed (red) and microtubules and the nucleus were visualized with fluorescein isothiocyanate-conjugated antibody (green) and DAPI (blue), respectively. Upon the removal of nocodazole by several washings with PBS, the scattered mitochondria rapidly reaggregated to the nuclear periphery within 1 h (Fig. 3E) . In contrast, mitochondria in Huh7 cells remained scattered within the cytoplasm after nocodazole release (Fig. 3E) . This is the first indication that mitochondrial clustering is induced in HBV-replicating cells in a microtubule-dependent manner. In addition, our data suggest that a system of active intracellular transport toward the nucleus must be involved in tracking the mitochondria to the nuclear periphery. Inhibition of the dynein complex suppresses HBx-induced mitochondrial clustering. The microtubule-dependent transport of organelles occurs through the actions of two motor proteins, kinesin and dynein. Kinesin is mostly a plus-enddirected motor that moves toward the plasma membrane, whereas dynein is a minus-end-directed motor responsible for movement toward the nucleus or the MTOC. (Fig. 4A ). These were consistently observed in three separate experiments. Line scanning (from the plasma membrane to the nuclear periphery) demonstrated that the fluorescence intensity of DIC was relatively homogeneous through the cytoplasm of Chang cells, whereas it became stronger near the nuclear periphery of ChangX-31 or ChangX-34 cells. These results support our hypothesis that the dynein complex is involved in HBx-induced mitochondrial transport toward the MTOC. We next examined whether the inhibition of dynein activity in HBx-expressing cells could interfere with HBx-induced mitochondrial clustering. To test that, we used three different approaches. Dynamitin (p50) is one subunit of the dynactin complex, and overexpression of dynamitin in cells has been shown to disrupt dynein-dependent transport (7). We tested the role of dynein in HBx-induced mitochondrial clustering by transfecting cells with the pCMV-HBx expression vector alone or along with a dynamitin (p50) expression vector and determined the mitochondrial distribution after 48 h using parental Chang and Huh7 cells in which mitochondrial aggregation had been previously observed by HBx overexpression (39) . Ectopic expression of pCMV-HBx along with pEGFP in Chang cells (Fig. 4B ) and Huh7 cells (data not shown) induced the clustering of mitochondria. The area occupied by mitochondria in a cell was quantified using the LSM5 Image Browser according to the criteria described in Materials and Methods. The area occupied by mitochondria in control cells was determined to be 89% of the cytoplasmic area but was reduced to 53% upon HBx expression (P Ͻ 0.001, Student's t test). Coexpression of HBx and dynamitin, however, restored it back to the control level (P Ͻ 0.001, Student's t test). Thus, mitochondrial reclustering in HBx-expressing cells can be suppressed by the inhibition of dynein activity. We further tested whether the microinjection of HBx-expressing cells with a neutralizing antibody against dynein could reverse or suppress mitochondrial clustering. We carried out microinjection using either control IgG antibody or DIC-specific antibody with purified green fluorescent protein as an injection indicator (Fig. 4C) . When the mitochondrial distribution patterns in ChangX-34 cells were examined 4 to 16 h after microinjection of the anti-DIC neutralizing antibody, we were not able to detect significant differences in the mitochondrial clustering pattern compared with uninjected ChangX-34 cells (data not shown). We interpreted these data to indicate that the inhibition of dynein activity is not effective enough to reverse mitochondrial clustering that had already occurred. Since mitochondrial reclustering was induced rapidly following nocodazole release in HBx-expressing cells (Fig. 2 and 3) , we asked whether anti-dynein antibody can block/prevent reclustering following nocodazole treatment. We carried out the microinjection experiment under those experimental conditions. We incubated microinjected cells (n ϭ 300) for 6 h, treated them with 100 ng/ml nocodazole for 2 h, and then washed the cells to remove the nocodazole. One hour after nocodazole release, the digital images of 50 to 100 mitochondria in each group were analyzed. Typically, the crescent pattern of mitochondrial reaggregation (mitochondrial area/cell of Ͻ60%) was observed in 83% of ChangX-34 cells injected with anti-IgG antibody (Fig. 4C, top) , and 17% of cells didn't show clear clustering. Meanwhile, mitochondrial reclustering was suppressed in 72% of the cells injected with the DIC-specific antibody (Fig. 4C, white arrowheads) , whereas neighboring noninjected ChangX-34 cells remained, displaying the crescent-shaped mitochondrial aggregates (Fig.  4C, yellow arrows) . On average, the area of mitochondria per cell was increased to 85 to 90% when anti-DIC antibody was injected in two independent experiments. Finally, the treatment of ChangX-34 cells with 0.5 mM of EHNA, an inhibitor of dynein ATPase, almost completely suppressed the perinuclear reclustering of mitochondria (Fig. 4D and data not  shown) . Indeed, the reclustering of mitochondria was prominent upon nocodazole release, whereas mitochondria at the tip of the plasma membrane remained after EHNA treatment (data not shown). Collectively, these results indicate that The p38 MAPK pathway mediates HBx-induced mitochondrial transport. Recent work has shown that the dyneindependent motor activity can be modulated by the p38 MAPK (10). HBx has also been shown to stimulate many different signal transduction pathways in the cytoplasm, including the p38 MAPK pathways (40) . We therefore attempted to determine whether the activation of the p38 MAPK by HBx can mediate mitochondrial clustering in our system. We found that the phosphorylated form of p38 was induced at 24 h upon HBx expression and became stronger at 48 h in Huh7 cells (Fig.  5A ). Densitometric analysis revealed that the phosphorylated p38 level was increased by 7.3-fold at 24 h and 18.9-fold at 48 h compared to the total p38 protein level. Provided that the p38 MAPK pathway mediates the mitochondrial transport to the MTOC in our system, the overexpression of MKK6, encoding an upstream kinase of p38 MAPK, would be expected to mimic the mitochondrial clustering. We observed that the phosphorylated form of p38 was induced upon MKK6 overexpression (Fig. 5B) . In contrast, the overexpression of Raf-CA, a constitutive active form of Raf, activated only the phosphorylated ERK and not the phosphorylated p38 in these cells. Next, we analyzed the MitoTrackerRed-stained cell images from cells expressing HBx, Raf-CA, or MKK6 along with the pEGFP expression vector in Huh7 cells using ImageArt software (Fig.   6A ). The area occupied by mitochondria in a cell was calculated to be about 90% of the whole cytoplasmic area (Fig. 6A) , whereas it was calculated to be ϳ50% (P Ͻ 0.001, Student's t test), in HBx-or MKK6-transfected Huh7 cells (Fig. 6A) . On the other hand, Raf-CA overexpression did not alter the mitochondrial distribution in Huh7 cells (Fig. 6A) . Thus, our results indicate that the activation of the p38 MAPK by HBx may be involved in mitochondrial transport to the MTOC. Finally, we utilized several different signaling inhibitors to test the involvement of other signaling pathways in HBx-induced mitochondrial clustering. SB203580 (0.5 M) (inhibitor of p38 MAPK), wortmannin (0.2 M) (inhibitor of phosphoinositide 3-kinase), and calphostin C (0.25 M) (inhibitor of protein kinase C) were separately applied to ChangX-34 cells (n ϭ 300) right after nocodazole release, and mitochondrial reclustering was examined at 30 and 60 min. Mitochondrial clustering was seen in 80 to 90% of ChangX-34 cells prior to nocodazole treatment, which led to mitochondrial dispersal throughout the cytoplasm by nocodazole treatment (Fig. 6B and data not shown). At 30 min after nocodazole release, mitochondrial aggregation was found in about 70% of control ChangX-34 cells that did not receive any inhibitor treatment. Interestingly, the inhibition of the p38 MAPK pathway by treatment with 0.5 M SB203580 significantly suppressed the reclustering of mitochondria in ChangX-34 cells (P Ͻ 0.001, Student's t test). Only 31% showed reclustering in ChangX-34 2 M) , or calphostin C (0.25 M) was applied to ChangX-34 cells right after nocodazole release, and mitochondrial reclustering was examined at 30 and 60 min by MitoTrackerRed staining (data not shown). When the percentage of mitochondrial area per cell was Ͻ60%, it was considered to be aggregated cells, and those with Ͼ75% were considered to be nonaggregated cells. The bar represents means Ϯ standard deviations from three separate experiments ( * P Ͻ 0.01 and ** P Ͻ 0.001 by Student's t test). Con, control. cells (Fig. 6B) and ChangX-31 cells (data not shown), whereas none of the other signaling inhibitors exerted significant effects on mitochondrial reclustering in these cells. Higher concentrations of signaling inhibitors, up to 1 to 5 M, yielded results similar to those shown in Fig. 6B (data not shown) . At 60 min after nocodazole release, the reclustering of mitochondria in control ChangX-34 cells reached up to 84%, while only 48% of cells treated with SB203580 exhibited mitochondrial reclustering (P Ͻ 0.01, Student's t test). At this time point, 73% of wortmannin-treated ChangX-34 cells showed mitochondrial aggregation, as did 63% of calphostin C-treated ChangX-34 cells. Thus, our results indicate that the p38 MAPK in HBxexpressing cells is actively, but not exclusively, involved in mitochondrial transport to the MTOC. Collectively, these results indicate that the activation of p38 MAPK by HBx plays a critical role in the alteration of intracellular motility, resulting in mitochondrial clustering.
DISCUSSION
The data reported here show a novel HBx function in the regulation of intracellular motility. We showed that HBx activation of the p38 MAPK contributed to the increase in the microtubule-dependent dynein activity, which is attributed to mitochondrial aggregation.
Initially, mitochondrial aggregation by HBx was found in cells undergoing cell death. It is believed that cells expressing high levels of HBx were prone to apoptosis (22, 35, 39) , and high levels of HBx expression, but not moderate or low levels of HBx, were shown to induce abnormal mitochondrion distribution (16) . In our experimental systems, however, ChangX-31 and ChangX-34 sublines express moderate levels of HBx. In these cells, HBx was transcribed from the Tet-on promoter without doxycycline stimulus (45, 46 ). Moreover, the HBx level in HBV-Huh7 cells is controlled by the endogenous HBV promoter and was beyond the limit of detection by Western blotting. In both cases, apparent mitochondrial clustering was induced, indicating that mitochondrial aggregation can be induced under moderate or low physiological levels of HBx. These results differ from those of the a previous report by Henkler et al. (16) , which can be partly explained by the experimental systems. Those authors used only transient transfection systems in which they observed cells for short periods. Using the transient transfection system, we observed perinuclear aggregation of mitochondria, but the extent was weaker. Collectively, the mitochondrial clustering at the nuclear periphery was not limited to the cells that were constructed to express high levels of HBx but can occur broadly in HBVrelated liver cells during chronic viral infection. Moreover, mitochondrial aggregation in liver cells may represent a cellular process that underlies the pathogenic disease progression during chronic viral infection.
We have further demonstrated that mitochondrial clustering occurs in a microtubule-dependent manner and that HBx modulates the microtubule-dependent dynein activity. First, the dynein concentration was high at the nuclear periphery where mitochondria aggregated. Second, HBx-induced perinuclear mitochondrial clustering was inhibited by the coexpression of HBx and dynamitin, which disrupts the proper assembly of the dynein complex (7). Third, microinjection of a neutralizing anti-DIC antibody suppressed the reclustering of mitochondria in HBx-expressing cells. Finally, the inhibition of dynein ATPase activity by EHNA almost completely prevents mitochondrial reclustering. All our results collectively indicate that the dynein minus-end motor likely plays an active role in transporting mitochondria toward the MTOC in HBx-expressing cells. Theoretically, however, perinuclear mitochondrial clustering could occur through either strong minus-end motor activity or weak plus-end motor activity. At present, our experiments do not allow us to completely exclude the possibility that kinesin-dependent plus-end motor activity is somehow involved in mitochondrial clustering in HBx-expressing cells.
So far, the role of the intracellular transport machinery during HBV replication has never been studied, and to our knowledge, the data here are the first indication that HBx is capable of modulating intracellular motility. During HBV infection, HBV enters hepatocytes by endocytosis, and the nucleocapsid must enter the nucleus for the establishment of viral replication. Progeny HBV particles are assembled in the cytosol and can be released out of hepatocytes or are thought to reenter to the nucleus for another cycle of viral replication. It seems logical that the microtubule cytoskeleton can be tightly associated with HBV pathogenesis. Given the HBx function in the microtubule-dependent dynein activity, HBx may also modulate intracellular transport and the assembly of progeny particles. This can be supported by other viral pathogens of adenovirus for which nuclear targeting was affected by microtubule-dependent intracellular motilities (38) . In addition, different kinds of viral proteins such as HSV-1 nuclear and capsid proteins or retroviral Gag protein directly interacted with dynein (13, 31) or kinesin (1) .
Whether the mitochondrion-associated HBx mediates the intracellular motility remains to be analyzed. We have shown that the dynein-dependent motor activity causing mitochondrial reaggregation is mediated by p38 MAPK activity. HBx was shown to interact directly with the mitochondrial protein VDAC3, and HBx itself also seemed to contain a transmembrane region that targets the mitochondrial membrane (19, 33) . HBx at the mitochondria most affected the mitochondrial dysfunction by lowering the mitochondrial membrane potential and elevating the ROS level (33, 35, 39, 42) . It is possible that the p38 MAPK can be activated downstream of the elevated ROS (18) initiated by the mitochondrion-associated HBx. Alternatively, the activation of the p38 MAPK in general can be mediated by the upstream cytoplasmic signaling cascades (14, 15) . HBx was shown to induce multiple cytoplasmic signaling pathways (5, 8, 12, 23, 26) , and therefore, cytoplasmic HBx may stimulate the upstream signaling activators of p38 MAPK. It is of note that calcium signaling is important in microtubule organization and vesicle transport (44) , and cytosolic calcium can be mobilized by HBx (4, 5) . Therefore, together, our data raise a possibility that both calcium signaling and the p38 MAPK activated by HBx may cooperate to regulate the efficiency of movement of the subviral HBV particles.
In summary, we herein demonstrated that (i) HBx induces perinuclear clustering of mitochondria in a microtubule-dependent manner and (ii) functional blockage of dynein and p38 MAPK suppressed mitochondrial movement. These data suggest that HBx plays a novel regulatory role in subcellular transport systems, perhaps facilitating the process of maturation 
